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Abstract. Experimental data are presented on the bidirectional reflec-
tance distribution function and 8-deg directional-hemispherical reflec-
tance measurements of a Martian regolith simulant, JSC Mars-1. The
scatterometer located in the National Aeronautics and Space Administra-
tion’s Goddard Space Flight Center Diffuser Calibration Facility was used
for the measurements reported. The data were obtained with a
monochromator-based light source in the ultraviolet, visible, and near
infrared spectral regions. The measurements were performed at different
angles of incidence and over a range of in-plane and out-of-plane scat-
tered geometries. The results presented are traceable to the National
Institute of Standards and Technology. The hemispherical and diffuse
scattering data obtained from these studies are important for current
and future Mars space- and ground-based observations. © 2005 Society of
Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1870001]
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1 Introduction

We present new results on the bidirectional reflectanc
distribution function ~BRDF! and 8-deg directional-
hemispherical reflectance of the Martian regolith simulan
Johnson Space Center Mars-1~JSC Mars-1!, performed
in the Diffuser Calibration Facility~DCaF! at NASA’s
Goddard Space Flight Center~GSFC!. The facility
scatterometer,1 located in a class-10,000 laminar-flow clean
room, is a fully automated instrument capable of measuring
the BRDF and 8-deg directional-hemispherical reflectanc
of a wide range of sample types in the spectral range from
230 to 900 nm. The scatterometer can perform in-plane an
out-of-plane BRDF measurements with a typical measure
ment uncertainty of less than 1%~coverage factork51).
The experimental BRDF data were obtained with a
monochromator-based Xe short-arc light source over
range of in- and out-of-plane incident and scattered geom
etries. Data on 8-deg directional-hemispherical reflectanc
were also measured and are reported here.

The planets are covered with a regolith layer that con
sists of minerals with differing composition, size, and
shape. It is important to know their physical properties and
how electromagnetic radiation interacts with these regolith
layer components. The physics of incident light transmis-
sion, reflection, absorption, and multiple scattering by such
regolith layers is complex and is difficult to understand and
model. The BRDF characterization of planetary and terres
trial objects is often used in remote sensing applications. T
date, a number of semiempirical models for analyzing the
BRDF of particulate surfaces have been developed. Th
Hapke model2–4 is most widely used in studies of the bidi-
rectional reflectance of regoliths. Liang5 has proposed a
modified Hapke model, and Cord et al.6 have proposed
036202Optical Engineering
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an optimized determination of Hapke paramete
Mishchenko7 has indicated that the approximations used
Hapke’s model are not appropriate for a close-packed
dium. Hillier and Buratti8 have used a Monte Carlo scatte
ing model for light scattering from a planetary surface.

The JSC-1 Martian regolith simulant sample is the,1-
mm-diameter fraction of weathered volcanic ash from P
Nene, a cinder cone on the island of Hawaii, which h
been repeatedly cited as a close spectral analog to
bright Mars regions.9–11 Additional information on the
mineralogy,9 reflectivity spectra,10 and granulometry11 has
been published.

The results of various experiments involving the Marti
regolith simulant on its microbial life,12 luminescence
signals,13 particle charging,14 and electrical discharge15

have been reported in scientific journals. In the current
per we present very precise and accurate BRDF labora
measurements of the same material. The reported data
intended to more completely describe the optical charac
istics of JSC Mars-1 regolith simulant through its diffu
reflectance properties and should be of great interest
value to scientists working on the scattering of planet
regoliths. We have examined our results in reference
well-known scattering models.

2 Background

The BRDF is a fundamental quantity describing the refl
tance properties of samples in such different applicati
as remote sensing,16 computer graphics,17 and image
interpretation.18 It describes the variation of reflectanc
with the illumination and scattered light directions. In ma
materials the surface reflectance properties are describe
both specular and diffuse reflectance.
-1 March 2005/Vol. 44(3)
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The BRDF is defined as the ratio of the radianceLs

scattered by a surface into the direction (us ,fs) to the
collimated irradianceEi incident on a unit area of the
surface:19

BRDF5
Ls~u i ,f i ,us ,fs ,l!

Ei~u i ,f i ,l!
, ~1!

where u is the zenith angle,f is the azimuth angle, the
subscriptsi and s are for the incident and scattered dire
tions, respectively, andl is the wavelength. The BRDF
angular convention is presented in Fig. 1.

In practice, the BRDF is usually described in terms
the incident power, the scattered power, and the geom
of the reflected scatter. It is equal to the scattered power
unit solid angle normalized by the product of the incide
power and the cosine of the detector view angle:19

Fig. 1 Defining the BRDF in terms of the usually adopted symbols.
036202Optical Engineering
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BRDF5
Ps /V

Pi cosus
, ~2!

wherePs is the scattered power;V is the solid angle deter
mined by the detector aperture areaA and the radiusR from
the sample to the detector (V5A/R2); Pi is the incident
power; andus is the scattering angle.

The scatterometer we used to perform the reported m
surements is specified with a combined measurement
certainty of 1.0% (k51), which depends on several instru
ment parameters.1 The BRDF measurement uncertaint
DBRDF, can be evaluated and expressed in accordance
NIST guidelines20 as

~DBRDF!
252~DNS!212~DLIN !21~DSLD!21~Dus tanus!

2,
~3!

whereDNS is the noise-to-signal ratio,DLIN represents the
nonlinearity of the electronics,DSLD is the error of the re-
ceiver view angle,Dus is the error of the total scatterin
angle, andus is the error of the receiver scattering ang
The error of the receiver view angle,DSLD, is

~DSLD!25~2DRM!21~2DRZ!21~2DRA!2, ~4!

whereDRM is the error in the goniometer receiver arm r
dius, DRZ is the error of the receiver arm radius due
sampleZ-direction misalignment, andDRA is the error of
the receiver aperture radius. The total scattering-angle
ror, Dus , is given by

~Dus!
25~DuM!21~DuZ!21~DuT!2, ~5!

whereDuM is the error of the goniometer scattering ang
DuZ is the error due to sampleZ-direction misalignment,
andDuT is the sample tilt error.

We used an integrating sphere attachment on the sca
Fig. 2 (a) The scatterometer optical table rotated for 30-deg incident angle. (b) The scatterometer
goniometer with the detector at 60-deg zenith and 180-deg azimuth angles.
-2 March 2005/Vol. 44(3)
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Georgiev and Butler: Bidirectional reflectance distribution function . . .
flectance of JSC Mars-1. The sphere collects and spat
integrates the sample-scattered optical radiation. The sp
interior is made of Spectralon, giving it a high diffuse r
flectance over the UV–visible–near-IR region of the spe
trum. The reflectance is generally above 99% over a ra
from 400 to 1500 nm, and above 95% from 250 to 25
nm. The sphere was designed with four ports, of wh
three accommodate the sample, the detector, and the e
of the incident light. The fourth port is a spare and is typ
cally closed using a Spectralon plug. The total port area
less than 5% of the total surface area of the sphere,
radiation balance inside the sphere is established afte
few internal reflections as possible. The light intensity
cident on the detector should correspond to the aver
light intensity inside the sphere. A silicon photodiode fix
to one port of the sphere was used as a primary dete
The two most important considerations for placing the d
tector are:~i! the detector should not be directly illuminate
by the source, and~ii ! the detector should not directly view
any part of the sphere wall that is directly illuminated. T
detector is supposed to view the part of the sphere w

Fig. 3 BRDF at normal incidence, in plane.

Fig. 4 BRDF at normal incidence, 90 deg out of plane.
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illuminated by integrated light only. An interior baffle i
employed to block the detector from viewing light reflecte
directly from the sample.

3 Experimental

The scatterometer~Fig. 2!, located in a class 10,000 lami
nar flow clean room, is a fully automated instrument c
pable of measuring the BRDF of a wide range of sam
types in the spectral range from 230 to 900 nm. There
two possible light sources—a 75-W xenon short-arc lam
coupled to a Chromex 250SM scanning monochroma
and a helium-neon laser. Both light source assemblies
mounted on the vertical optical table shown in Fig. 2~a!.
The table can be rotated around a horizontal axis to cha
the incident light angle. The monochromatic beam is
flected by a series of spherical and flat mirrors to t
sample surface. The beam is mechanically chopped, an
lock-in data acquisition technique is used. The diffuse sc
tered light is collected using an ultraviolet-enhanced silic
photodiode detector with output fed to a compute

Fig. 5 BRDF at 10-deg incident angle, in plane.

Fig. 6 BRDF at 20-deg incident angle, in plane.
-3 March 2005/Vol. 44(3)
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Georgiev and Butler: Bidirectional reflectance distribution function . . .
controlled lock-in amplifier. The sample is mounted ho
zontally as seen in Fig. 2~b!, and can be moved in theX, Y,
andZ linear directions using three motor stages. There is
additional rotary stage that allows sample rotation in t
horizontal plane. The position of the detector assembly
described by the scattering zenith and azimuth angles.
detector assembly can be rotated around the vertical
horizontal axes of the goniometer. Using the sample mo
stages, the surface of the sample is positioned at the c
point of the two perpendicular goniometer rotation ax
which define the center of rotation of the goniometer s
tem. The detector field of view, 0.0048 sr, was centered
the calibration item for all measurements and was und
filled by the incident beam, which had a spectral bandwi
of 12 nm. The BRDF is calculated by dividing the n
reflected signal by the product of the net incident and
projected solid angle from the sample surface to the de
tor. Computer-controlled BRDF measurements are acqu
at different incident and scattered geometries and wa
lengths over the complete scattering hemisphere above

Fig. 7 BRDF at 30-deg incident angle, in plane.

Fig. 8 BRDF at 40-deg incident angle, in plane.
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JSC Mars-1 sample. The scatterometer is regularly c
brated using the National Institute of Standards and Te
nology’s ~NIST’s! Special Tri-function Automated Refer
ence Reflectometer~STARR!.21 The DCaF facility also
participates in round-robin test measurements with sim
calibration institutions in the USA and abroad in the su
port of numerous space-flight and non-space-flight p
grams. The participating institutions, experimental protoc
for the EOS BRDF round robin, samples used, and res
are published elsewhere.16 The agreement in BRDF data
between the participating institutions depends on the in
dent and scattered angles, wavelength, and sample.

The experiments were performed at different measu
ment geometries corresponding to different combinatio
of incident light angles~0, 610, 20,630, 40, 50, and660
deg!, scattering azimuth angles~0, 90, and 180 deg!, and
scattering zenith angles~from 0 to 60 deg in 10-deg steps!.
The BRDF was measured in the spectral range from 250
to 900 nm. Measurements were also made with s- a
p-linearly-polarized incident beams with the results for u
polarized scattering reported in this paper.

Fig. 9 BRDF at 50-deg incident angle, in plane.

Fig. 10 BRDF at 60-deg incident angle, in plane.
-4 March 2005/Vol. 44(3)
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Georgiev and Butler: Bidirectional reflectance distribution function . . .
The sample was placed in a black container with dime
sions 6536535 mm. The container was overfilled, and th
sample was flattened without pressure. The size distribu
of the particles was the same for the entire surface.

4 Results and Discussion

4.1 BRDF at Normal Incidence

The BRDF of JSC Mars-1 was acquired at normal in
dence~0-deg incident angle! in the spectral range from 250
to 900 nm every 50 nm. Based on previously measured
Mars-1 reflectance spectra,10 this wavelength interval was
determined to be adequate for the study of the spectral
pendence of the BRDF. In order to examine the forwa
out-of-plane, and backscattering characteristics of J
Mars-1 under normal incidence, the BRDF was measu
at scattering azimuth angles of 0, 90, and 180 deg. T
0-deg angle corresponds to forward scattering, 180 de
backward scattering, and 90 deg to out-of-plane scatter
The scattering zenith angles ranged from 0 to 60 deg
10-deg steps. The measured curves are shown in Fig. 3
the 0- and 180-deg scattering azimuth angles, and in Fi
for the 90-deg scattering azimuth angle. Numerical d
used in Figs. 3 and 4 are provided in Table 4 of the app
dix to this paper. BRDF values of zero indicate that t

Fig. 11 BRDF at 230-deg incident angle, in plane.
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scatterometer detector’s view of the sample was being
scured by the last light-source mirror. It is evident fro
Figs. 3 and 4 that the BRDF at 900 nm is lower than tho
at 800 and 850 nm. This can be attributed to the we
known ferric absorption band of the material in the 800
900-nm spectral range. Consistent with previously repor
spectral reflectance, the BRDF of JSC Mars-1 increa
slowly from 250 to 400 nm and more rapidly above 400 n
until reaching the ferric absorption feature. The BRDF
JSC Mars-1 is independent of scattering azimuth angle
normal incidence~Table 4!. It depends on the scatterin
zenith angle~Fig. 3!, decreasing with increasing zenit
angle from 0 to 60 deg. The very small differences
BRDF values are of a magnitude less than the scatterom
measurement uncertainty of 1% and are most likely due
subtle nonlevel features in the granular JSC Mars-1 sam

4.2 BRDF at Nonnormal Angles of Incidence

The BRDF of the Mars regolith sample was also measu
at nonnormal incident angles of incidence equal to610,
20, 630, 40, 50, and660 deg at a number of wavelength
According to Fig. 1, the incident angle is positive when t
light source is rotated clockwise from normal incidence~0
deg! to the corresponding angle, and negative when it

Fig. 12 The 8-deg directional-hemispherical reflectance integrating
sphere.
Table 1 JSC Mars-1 backscattering ratio.

Scattering zenith
angle (deg) Backscattering ratio

Back
(180-deg
azimuth)

Forward
(0-deg

azimuth)

Incident angle 10 30 50 deg

Wavelength 300 500 700 900 300 500 700 900 300 500 700 900 nm

260 60 1.156 1.195 1.190 1.167 1.438 1.588 1.590 1.528 1.904 2.455 2.369 2.198

250 50 1.185 1.204 1.189 1.168 1.637 1.707 1.620 1.561

240 40 1.226 1.232 1.192 1.175 1.779 1.862 1.668 1.607 1.923 2.151 1.979 1.883

230 30 1.275 1.260 1.196 1.179 1.585 1.703 1.620 1.568

220 20 1.317 1.324 1.221 1.202 1.560 1.593 1.426 1.392 1.359 1.403 1.367 1.340

210 10 1.234 1.243 1.184 1.171 1.155 1.178 1.166 1.155
-5 March 2005/Vol. 44(3)
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Table 2 Polynomial coefficients.

Wavelength
(nm) A B C D

300 29.82894 3 1024 0.29122 20.02605 1.6633731023

400 3.3807 3 1023 1.19283 20.45809 0.10327

500 4.0201 3 1023 0.34171 20.03957 2.5847631023

600 4.90461 3 1023 0.38612 20.05035 3.6131631023

700 5.70006 3 1023 0.56125 20.10729 0.01139

800 6.15911 3 1023 1.03389 20.36472 0.07069

900 4.33566 3 1023 0.1615 28.6667431023 2.4378831024
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rotated counterclockwise. The values of the incident ang
at which measurements were made were chosen to be b
enough for best characterization of BRDF properties of
material. The change in BRDF of diffuse reflective mate
als due to the incident angle is smooth, and a step of 10
is usually used for materials characterization. The BR
data at positive incident angles are shown in Figs
through 10. The BRDF is plotted at only one negative
cident angle,230 deg,~Fig. 11!, because the data mirro
those at positive incident angles and corresponding sca
ing geometries. In Figs. 5 through 11, the detected signa
zero when the detector scattering zenith angle is equa
the incident angle, that is, when the output mirror of t
optical system obscured the detector’s field of view of
sample. In Fig. 5, the BRDF at 10-deg incidence was
corded every 50 nm from 250 to 900 nm. The BRDF at
40, and 50-deg incidence, shown in Figs. 6, 8, and 9,
spectively, was measured from 300 to 900 nm in 200-
steps. The BRDF at 30- and 60-deg incidence, shown
Figs. 7 and 10, was measured at 250 and 300 nm
thence every 100 nm up to 900 nm. All data were record
at scattering zenith angles from 0 to 60 deg in 10-deg st
The numerical data in these figures are given in the app
dix ~Tables 4 through 10!.

The experimental data on the Mars JSC-1 regolith sim
lant acquired at nonnormal angles of incidence support
claim of appreciable backscattering by the JSC Mar
planetary regolith.22 The backscattering is obtained by sim
ply taking the difference of the BRDF at scattering ang
symmetric to the sample normal. These scattering data
compared with the forward-scattering data, and the rati
given in Table 1 at three wavelengths, 500, 700, and
nm, for incident angles of 10, 30, and 50 deg. In this ta

Table 3 JSC Mars-1 8-deg directional-hemispherical reflectance.

Wavelength
(nm)

Hemispherical
reflectance

300 0.04269

400 0.04655

500 0.05093

600 0.10187

700 0.14445

800 0.1623

900 0.15908
036202
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a positive scattering azimuth angle refers to forward sc
tering and a negative one to backward scattering. In Tab
5 through 10 the 0-deg scattering azimuth refers to forw
scattering, and the 180-deg azimuth to backward scatter
The backscattering is generally higher at higher scatte
zenith angles and larger incident light angles. There is a
wavelength dependence; the largest difference is regist
at 500 nm for corresponding measurement geometry
reaches a maximum of 2.455 at 500 nm, with 50-deg in
dent and 60-deg scattering zenith angle. The lowest va
1.155, was measured at 300 and 900 nm at 50-deg inci
and 10-deg scattering zenith angles. The values in Tab
are computer-generated from the measured data
rounded. The BRDF data presented in the tables for
measurement geometries are rounded to the third dec
for better handling. As a consequence, the backwa
forward difference presented in Table 1 cannot be deri
independently from the BRDF data tables.

The BRDF increases from shorter to longer waveleng
at nonnormal incident angles. The ferric absorption band
the 800–900-nm spectral region is also present.

The BRDF at nonnormal incident angles depends on
scattering zenith angles in addition to the backscatter
already mentioned. It decreases with increasing scatte
zenith angles at the same incident angle and wavelen
The BRDF depends also on the scattering azimuth angl
is lower on the forward branch of in-plane scattering~0-deg
scattering azimuth!, higher for 90-deg out-of-plane scatte
ing ~90-deg scattering azimuth!, and highest on the back
ward branch of in-plane~180-deg scattering azimuth! scat-
tering geometry~Table 5!.

The validity and application of Helmholtz reciprocity23

to BRDF are well known and modeled for both flat an
structured surfaces. According to that principle, we can
change the incident and scattering angles without chang
the BRDF. In our in-plane setup the BRDFs measured
positive incident angles and 0-deg scattering azimuth m
ror those measured at negative incident angles and 180
scattering azimuth for the same wavelengths and scatte
zenith angles with respect to our angle sign conventi
Two of our reciprocal measurement points—evidence
reliable experimental BRDF data—are compared as
lows: the BRDF at 500 nm, 40-deg, incident angle, a
230-deg scattering zenith angle~Fig. 8! is 0.028 sr21, and
the BRDF at the same wavelength,230-deg incident angle
and 40-deg scattering zenith angle is again 0.028 s21

~Fig. 11!.
-6 March 2005/Vol. 44(3)
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Table 4 JSC Mars-1 BRDF at normal incidence.

Scattering
zenith
angle
(deg)

BRDF

Scattering
azimuth
angle 0 90 180 0 90 180 0 90 180 0 90 180 deg

250 nm 300 nm 350 nm 400 nm

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

10 0.006 0.006 0.006 0.006 0.006 0.006 0.008 0.008 0.008 0.011 0.011 0.011

20 0.005 0.005 0.005 0.006 0.006 0.006 0.007 0.007 0.007 0.009 0.009 0.009

30 0.005 0.005 0.005 0.005 0.005 0.005 0.006 0.006 0.006 0.009 0.008 0.008

40 0.005 0.005 0.005 0.005 0.005 0.005 0.006 0.006 0.006 0.008 0.008 0.008

50 0.004 0.005 0.004 0.005 0.005 0.005 0.006 0.006 0.006 0.008 0.008 0.008

60 0.005 0.005 0.005 0.005 0.005 0.005 0.006 0.006 0.006 0.008 0.008 0.008

450 nm 500 nm 550 nm 600 nm

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

10 0.017 0.017 0.017 0.023 0.023 0.023 0.035 0.035 0.035 0.047 0.047 0.047

20 0.015 0.015 0.015 0.020 0.020 0.020 0.031 0.031 0.031 0.042 0.042 0.042

30 0.013 0.013 0.013 0.018 0.018 0.018 0.029 0.029 0.029 0.040 0.039 0.039

40 0.013 0.012 0.013 0.018 0.017 0.017 0.028 0.028 0.028 0.038 0.038 0.038

50 0.012 0.012 0.012 0.017 0.017 0.017 0.027 0.027 0.027 0.037 0.036 0.037

60 0.012 0.012 0.012 0.017 0.017 0.017 0.027 0.026 0.027 0.037 0.036 0.036

650 nm 700 nm 750 nm 800 nm

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

10 0.057 0.057 0.057 0.066 0.066 0.065 0.072 0.071 0.071 0.074 0.074 0.074

20 0.052 0.052 0.052 0.060 0.060 0.060 0.066 0.065 0.066 0.068 0.068 0.068

30 0.049 0.049 0.049 0.057 0.057 0.057 0.063 0.062 0.063 0.065 0.065 0.065

40 0.047 0.047 0.047 0.055 0.055 0.055 0.061 0.060 0.060 0.063 0.062 0.063

50 0.046 0.046 0.046 0.054 0.053 0.054 0.060 0.058 0.059 0.062 0.061 0.061

60 0.047 0.045 0.046 0.055 0.053 0.053 0.060 0.058 0.059 0.063 0.060 0.061

850 nm 900 nm

0 0.000 0.000 0.000 0.000 0.000 0.000

10 0.074 0.073 0.073 0.073 0.072 0.073

20 0.068 0.068 0.068 0.067 0.067 0.067

30 0.065 0.064 0.065 0.064 0.063 0.064

40 0.063 0.062 0.063 0.062 0.061 0.062

50 0.062 0.061 0.062 0.062 0.060 0.061

60 0.063 0.060 0.061 0.062 0.059 0.061
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4.3 The 8-deg Directional-Hemispherical Setup and
Measurements

The 8-deg directional-hemispherical reflectance of J
Mars-1 was measured at wavelengths of 300, 400, 5
600, 700, 800, and 900 nm using the same monochrom
light source as with the BRDF measurements. The o
hardware difference from the experimental setup descri
in the previous section is the use of an 8-deg direction
hemispherical integrating sphere assembly mounted ab
the scatterometer sample stage, as shown in Fig. 12.
silicon photodiode detector was fixed to the port of t
sphere on the right. The dependence of the hemisphe
reflectance versus receiver power is fitted using a th
degree polynomial regression:
036202Optical Engineering
,
c

e
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l

R~P!5A1BP2CP21DP3. ~6!

The coefficients of the polynomial can be calculated
fitting the receiver power measured using a set of se
gray Spectralon standard plates with known 8-d
directional-hemispherical reflectance. With the setup
scribed, the power was measured at each wavelengt
interest for each standard plate, and the coefficients w
calculated using a third-degree polynomial fitting proc
dure. The coefficients calculated are given in Table 2, a
the measured 8-deg directional-hemispherical data on
Mars-1 are given in Table 3. To verify the proposed proc
dure we compared the Labsphere-measured and our m
sured 8-deg directional-hemispherical reflectance value
-7 March 2005/Vol. 44(3)



Georgiev and Butler: Bidirectional reflectance distribution function . . .
Table 5 JSC Mars-1 BRDF at 10-deg incidence.

Scattering
zenith
angle
(deg)

BRDF

Scattering
azimuth
angle 0 90 180 0 90 180 0 90 180 0 90 180 deg

250 nm 300 nm 350 nm 400 nm

0 0.006 0.006 0.006 0.006 0.006 0.006 0.008 0.008 0.008 0.011 0.011 0.011

10 0.005 0.005 0.000 0.006 0.006 0.000 0.007 0.007 0.000 0.009 0.010 0.000

20 0.004 0.005 0.006 0.005 0.005 0.007 0.006 0.007 0.008 0.008 0.009 0.011

30 0.004 0.004 0.005 0.005 0.005 0.006 0.006 0.006 0.007 0.008 0.008 0.010

40 0.004 0.004 0.005 0.004 0.005 0.006 0.005 0.006 0.007 0.007 0.008 0.009

50 0.004 0.004 0.005 0.004 0.005 0.005 0.005 0.006 0.007 0.007 0.008 0.009

60 0.004 0.004 0.005 0.005 0.005 0.005 0.005 0.006 0.006 0.007 0.008 0.009

450 nm 500 nm 550 nm 600 nm

0 0.017 0.017 0.017 0.023 0.023 0.023 0.036 0.036 0.036 0.047 0.047 0.047

10 0.015 0.016 0.000 0.020 0.022 0.000 0.031 0.034 0.000 0.042 0.045 0.000

20 0.013 0.014 0.018 0.018 0.020 0.024 0.029 0.031 0.037 0.039 0.042 0.049

30 0.012 0.013 0.015 0.017 0.019 0.021 0.027 0.029 0.033 0.036 0.039 0.045

40 0.012 0.013 0.014 0.016 0.018 0.020 0.026 0.028 0.031 0.035 0.038 0.042

50 0.011 0.012 0.014 0.016 0.017 0.019 0.025 0.027 0.030 0.034 0.037 0.041

60 0.011 0.012 0.014 0.016 0.017 0.019 0.025 0.027 0.030 0.034 0.036 0.041

650 nm 700 nm 750 nm 800 nm

0 0.058 0.058 0.058 0.066 0.066 0.066 0.071 0.071 0.071 0.074 0.074 0.074

10 0.052 0.055 0.000 0.060 0.063 0.000 0.065 0.069 0.000 0.067 0.071 0.000

20 0.048 0.051 0.059 0.056 0.059 0.068 0.061 0.065 0.073 0.063 0.067 0.076

30 0.045 0.049 0.055 0.053 0.056 0.063 0.058 0.062 0.069 0.060 0.064 0.071

40 0.044 0.047 0.052 0.051 0.054 0.061 0.056 0.060 0.066 0.058 0.062 0.069

50 0.043 0.046 0.051 0.050 0.053 0.059 0.055 0.058 0.065 0.057 0.060 0.067

60 0.043 0.045 0.051 0.050 0.052 0.060 0.055 0.058 0.065 0.058 0.060 0.068

850 nm 900 nm

0 0.074 0.074 0.074 0.073 0.073 0.073

10 0.067 0.070 0.000 0.066 0.070 0.000

20 0.063 0.067 0.076 0.062 0.066 0.075

30 0.060 0.064 0.071 0.059 0.063 0.070

40 0.058 0.062 0.069 0.058 0.061 0.068

50 0.057 0.060 0.067 0.057 0.060 0.067

60 0.058 0.060 0.068 0.057 0.059 0.067
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Spectralon samples of nominal reflectance 5%, 10%, 2
40%, 60%, 80%, and 99%. It was found that the differen
between the two measurements is better than61% for the
entire spectral range of interest.

5 Conclusions

The BRDF and 8-deg directional-hemispherical reflecta
of the Martian regolith simulant JSC Mars-1 were me
sured in the UV, visible, and near-IR spectral regions. T
sample exhibits a wide range of BRDF values depend
on the scattering geometry. Different angles of inciden
from 0 to 60 deg, scattering zenith angles from 0 to 60 d
and scattering azimuth angles 0, 90, and 180 deg were
for the full characterization of the sample. The report
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experimental data show a flat BRDF response in the
with increasing deviation from the Lambertian at high
wavelengths. The BRDF depends on both the incident
scattered light angles. The difference can be up to 13.8
for a 10-deg change of the scattering zenith angle at
nm. The BRDF at all wavelengths measured is symmetr
to the normal at normal incidence. Strong optical bac
scattering from the sample is detected, supporting the p
etary regolith simulant scattering models as presented
some authors.22 The reciprocity of the BRDF is confirmed
for the material. Some 8-deg directional-hemispheri
measurements are also presented. They give additional
on the material reflectance properties. The diffus
scattering and 8-deg directional-hemispherical data fr
-8 March 2005/Vol. 44(3)
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Table 6 JSC Mars-1 BRDF at 20-deg incidence.

Scattering
zenith
angle
(deg)

BRDF

Scattering
azimuth
angle 0 180 0 180 0 180 0 180 deg

300 nm 500 nm 700 nm 900 nm

0 0.006 0.006 0.021 0.021 0.061 0.061 0.067 0.067

10 0.005 0.007 0.019 0.024 0.056 0.069 0.062 0.075

20 0.005 0.000 0.017 0.000 0.053 0.000 0.059 0.000

30 0.004 0.007 0.016 0.026 0.050 0.073 0.056 0.080

40 0.004 0.006 0.015 0.023 0.049 0.069 0.055 0.076

50 0.004 0.006 0.015 0.022 0.047 0.067 0.054 0.075

60 0.004 0.006 0.015 0.022 0.047 0.067 0.054 0.075

Table 7 JSC Mars-1 BRDF at 30-deg incidence.

Scattering
zenith
angle
(deg)

BRDF

Scattering
azimuth
angle 0 180 0 180 0 180 0 180 deg

300 nm 400 nm 500 nm 600 nm

0 0.005 0.005 0.009 0.009 0.019 0.019 0.041 0.041

10 0.005 0.006 0.008 0.010 0.017 0.022 0.037 0.045

20 0.004 0.007 0.007 0.012 0.016 0.026 0.035 0.052

30 0.004 0.000 0.007 0.000 0.015 0.000 0.033 0.000

40 0.004 0.008 0.007 0.013 0.015 0.028 0.032 0.057

50 0.004 0.007 0.007 0.012 0.015 0.026 0.032 0.054

60 0.005 0.007 0.007 0.011 0.016 0.025 0.032 0.052

700 nm 800 nm 900 nm

0 0.058 0.058 0.065 0.065 0.064 0.064

10 0.054 0.063 0.060 0.071 0.060 0.070

20 0.050 0.072 0.057 0.080 0.057 0.079

30 0.048 0.000 0.055 0.000 0.055 0.000

40 0.047 0.079 0.054 0.087 0.053 0.086

50 0.046 0.075 0.053 0.084 0.053 0.083

60 0.047 0.075 0.054 0.083 0.054 0.082

Table 8 JSC Mars-1 BRDF at 40-deg incidence.

Scattering
zenith
angle
(deg)

BRDF

Scattering
azimuth
angle 0 180 0 180 0 180 0 180 deg

300 nm 500 nm 700 nm 900 nm

0 0.005 0.005 0.018 0.018 0.056 0.056 0.062 0.062

10 0.005 0.006 0.017 0.020 0.052 0.061 0.058 0.068

20 0.004 0.006 0.016 0.023 0.049 0.068 0.055 0.075

30 0.004 0.008 0.015 0.028 0.047 0.079 0.053 0.086

40 0.004 0.000 0.015 0.000 0.045 0.000 0.052 0.000

50 0.004 0.009 0.015 0.032 0.045 0.090 0.051 0.098

60 0.005 0.008 0.015 0.030 0.045 0.088 0.052 0.096
036202-9 March 2005/Vol. 44(3)
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Table 9 JSC Mars-1 BRDF at 50-deg incidence.

Scattering
zenith
angle
(deg)

BRDF

Scattering
azimuth
angle 0 180 0 180 0 180 0 180 deg

300 nm 500 nm 700 nm 900 nm

0 0.005 0.005 0.018 0.018 0.055 0.055 0.061 0.061

10 0.005 0.005 0.017 0.019 0.052 0.060 0.057 0.066

20 0.004 0.006 0.016 0.022 0.049 0.067 0.055 0.073

30 0.004 0.007 0.015 0.026 0.047 0.076 0.053 0.083

40 0.005 0.009 0.015 0.032 0.045 0.090 0.052 0.098

50 0.005 0.000 0.015 0.000 0.045 0.000 0.052 0.000

60 0.006 0.011 0.016 0.039 0.046 0.108 0.053 0.116

Table 10 JSC Mars-1 BRDF at 60-deg incidence.

Scattering
zenith
angle
(deg)

BRDF

Scattering
azimuth
angle 0 180 0 180 0 180 0 180 deg

300 nm 400 nm 500 nm 600 nm

0 0.005 0.005 0.008 0.008 0.018 0.018 0.038 0.038

10 0.005 0.005 0.008 0.009 0.017 0.019 0.036 0.041

20 0.005 0.006 0.008 0.010 0.016 0.021 0.034 0.046

30 0.005 0.007 0.008 0.011 0.016 0.025 0.033 0.053

40 0.005 0.008 0.008 0.014 0.016 0.030 0.033 0.062

50 0.006 0.010 0.009 0.018 0.017 0.039 0.033 0.078

60 0.007 0.000 0.011 0.000 0.019 0.000 0.035 0.000

700 nm 800 nm 900 nm

0 0.055 0.055 0.062 0.062 0.061 0.061

10 0.051 0.059 0.058 0.067 0.058 0.066

20 0.049 0.066 0.056 0.074 0.056 0.072

30 0.048 0.074 0.054 0.083 0.054 0.081

40 0.047 0.086 0.054 0.096 0.054 0.094

50 0.048 0.106 0.055 0.118 0.056 0.115

60 0.050 0.000 0.059 0.000 0.061 0.000
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these studies are important for the analysis of spectral
obtained at future Mars space- and ground-based obse
tions. They can be also used for calibration of existing da
The high quality of the data is supported by the fact that
measurements were done on a high-accuracy scatterom
located in a clean-room calibration facility and the resu
are traceable to the measurements made at NIST.

6 Appendix

The BRDF data on the Mars JSC-1 regolith simulant
presented numerically in Tables 4–10.
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